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Abstract 
The dairy industry, revolving around milk processing, generates large volumes of industrial 
effluents. These effluents can be nutritious and high in organic matter, with the main 
component being lactose, and thus problematic to handle for municipal wastewater treatment 
plants. Consequently around 50% of dairy wastes are discharged to receiving water-bodies, 
with potential environmental consequences.  
This project aimed at developing a microbial degradation process that could be implemented 
by the dairy industry to reduce the chemical oxygen demand (COD) content of their waste 
before its discharge. The project involved the screening of potentially suitable organisms 
(bacteria, yeast and fungi), followed by investigations of their ability to degrade the waste 
components and the selection of the most promising candidate for optimizing and upscaling 
the process.  
For this purpose 10 different GRAS organisms (Cryptococcus laurentii, Cryptococcus flavus, 
Kluyveromyces lactis var. Lactis, Kluyveromyces marxianus, Lactococcus Lactis subsp. 
Cremoris, Lactobacillus Plantarum subsp. Plantarum, Lactobacillus plantarum, 
Lactobacillus acidophilus, Saccharomyces cerevisiae and Pichia pastoris) were first screened 
for their ability to degrade lactose and use it as a carbon source. Following this, the strains 
ability to grow in media containing wastewater was investigated, as well as their ability to 
degrade the lactose and reduce the overall COD.  Based on the results, the most promising 
strains, K. lactis, C. laurentii and L. plantarum were selected for further study. Their growth 
characteristics, lactose biodegradation rates and efficiency in removing COD were studied in 
wasterwater supplemented with minimal amounts of nutrients.  
The fungus strain of C. laurentii degraded lactose mainly during stationary growth phase, and 
removed in excess of 30% COD in shake flask cultivation. The yeast strain K. lactis, in 
contrast degraded all the lactose during exponential cell growth phase and removed in excess 
of 30% COD in shake flask cultivation. Finally, based on the above results, a batch and 
continuous flow fermentation was performed with K. lactis as a first step into the otpimisation 
and upscaling of the biodegradation process. The batch fermentation proved to lead to the best 
lactose degradation rates and a removal of 67% of COD within the first 24 h.  
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1 Abbreviations 
COD: Chemical oxygen demand 
BOD: Biological oxygen demand 
GRAS: Generally recognized as safe 
SCP: Single cell protein 
g/L/h: grams per liter per hour 
DO: Dissolved oxygen 
OD: Optical density 
HPLC: High pressure liquid chromatography  
 
 
  
Biodegradation of wastewater from the milk industry by GRAS microorganisms 
 
8 
Lena Pedersen 
2 Theory 
 
2.1 Waste from the dairy industry 
The dairy industry revolves around the processing of raw milk to different products (e.g 
yogurt, cheese, cream, milk, etc.) 
[1]
. Norway alone processes around 1.544 million m
3
 of milk 
annually 
[2]
, which in the bigger picture represents a mere 0.2% of global production 
[3]
. 
According to Carvalho et al. the water consumption, depending on production, is between 1-4 
times that of milk received 
[4]
. Consequently Norwegian dairies generate 1.5-6 million m
3
 
wastewater per year. Dairy wastes, due to their composition, volumes and fluctuating flow 
rates, represent a problem for municipal wastewater treatment plants 
[5]
. As a result it has been 
common practice to discharge the waste into receiving waters 
[6, 7]
. Thus wasting potential 
resources (e.g lactose) and polluting water-bodies at the same time 
[8]
. 
2.1.1 Dairy Wastewater characteristics 
Generally the characteristics of wastewaters reflect its origin 
[9]
. Thus the effluent composition 
of a dairy varies depending on what is being produced. In addition to minerals and salts, the 
main constituents of milk wastes are lactose, organic acids, protein (casein) and fats 
[10]
. The 
pollution load is linked to the wastes’ organic content, which is typically measured as 
chemical oxygen demand (COD) or biological oxygen demand (BOD) 
[11]
. These parameters 
relate oxygen consumption to stabilization of organic matter 
[12]
.  Table 2.1 lists COD values 
of different dairy effluents obtained from literature. The variation in effluent organic load 
between the different products highlights one of the main issues with dairy waste treatments 
[13]
. Cheese whey, a dairy industry by-product 
[8]
, stands out with a COD significantly greater 
than the other effluents. The COD values of the effluents in Table 2.1 exceed average 
municipal wastewater load by a factor of 10-100
[14, 15]
. 
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Table 2.1 COD values of different dairy effluents. 
Type of effluent COD (g/L) Reference 
Butter  8.9 [13] 
Ice cream  5.2 [16] 
Cheese whey 68.8 [17] 
Cheese 5.3 [18] 
Milk 4.6 [18] 
 
2.1.2 Environmental concerns 
Water-bodies are naturally deprived of oxygen, due to the low solubility of the gas in water 
[19]
. The introduction of organic compounds may further reduce its content, as a consequence 
of organic matter degradation by microorganisms 
[20]
. When water is de-aerated, the natural 
processes of re-aeration (by molecular and turbulent diffusion) and photosynthesis will work 
to equilibrate the change (Figure 2.a) 
[21]
.Turbulent diffusion is the most effective mechanism, 
as it creates additional air-water interphases, facilitating increased gas exchange 
[22]
 . Under 
quiescent conditions however, such as in lakes, molecular diffusion dominates 
[20]
. Molecular 
diffusion is a slow process
[23]
, thus at elevated waste loads it will not be able to replenish the 
water column with the oxygen that has been consumed. 
 
Figure 2.a Simplified model for some of the mechanisms involved in dissolved oxygen balance. Adapted from 
Von Sperling 
[21]
. 
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The presence of sufficient amounts of dissolved oxygen (DO) is of paramount importance to 
aquatic organisms 
[24, 25]
. Thus a scenario where organic input exceeds the systems 
assimilative capacity, could bring about the elimination of certain species 
[26]
. Considering the 
high organic load of dairy wastewaters, its direct discharge to recipient waters is a major 
concern. 
2.1.3  Discharge limits 
In Norway the dairies have specific discharge permits depending on production. The 
requirements are set by the county governor. If necessary the municipality can impose stricter 
demands 
[27]
. As a reference the operating discharge limits for urban wastewaters in the 
European Union are set at 125 mg/L COD after treatment 
[28]
.  
2.2 Fermentation 
A fermentor is a reactor in which a microbial process can be carried out in a controlled 
environment 
[29]
. It is typically an up-scaling of small scale experiments (e.g flask cultivation) 
with commercial potential 
[30]
. The use of a fermentor becomes practical when the purpose is 
to generate a product (e.g penicillin, beer, enzymes) or facilitate a treatment process in large 
volumes 
[31]
. Fermentation can be used for toxic waste degradation
 [32, 33]
 as well as generation 
of products or biomass. In the dairy industry fermentation can be used for the valorisation of 
whey 
[34]
. Typical products resulting from cheese whey fermentation are Ethanol 
[35, 36]
, lactic 
acid 
[37, 38]
, and single cell protein (SCP) 
[39, 40]
. 
Two common set-ups are the batch fermentor and the complete-mix reactor (Figure 2.b). In a 
batch fermentation liquid is introduced, treated and then discharged. Thus treatment efficiency 
is depending on biomass and rate of substrate utilization. In a complete-mix reactor, liquid 
enters and leaves at the same rate (Q). In a steady state system, the treatment efficiency of the 
inflowing substrate, Co, is dependent on dilution (flowrate/volume), microbial growth and 
decay, and substrate utilization rate 
[20]
. 
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Figure 2.b Reactors common in wastewater treatment; the batch reactor and complete mix-reactor. Adapted from 
Metcalf & Eddy 
[20]
. 
2.2.1 Single-cell protein (SCP) production 
Single-cell proteins are protein extracts of dried microbial biomass which can be used as food 
supplements 
[41]
. The high demand for protein coupled with the cost of conventional additives 
(soymeal and fishmeal), has turned attention to SCP production 
[42, 43]
. 
The production of SCP from dairy waste facilitates a way of reducing organic load, whilst 
making a product of value 
[44]
. Popular commercial processes for SCP production utilizing 
cheese whey are the Le Bel process (using a combination of three yeasts; Kluyveromyces 
marxianus, Kluyveromyces lactis and Candida pintolopepsii) and the Vienna process 
(Candida intermedia) 
[45, 46]
.  
 
2.2.2 Generally recognized as safe (GRAS) 
As fermentation utilizes microbes, and produces products for human and animal consumption, 
it is important to document their safe use before implementing them in a process 
[47].
 
The status generally recognized as safe (GRAS) was introduced by The Food Drug and 
Cosmetic Act (FDA). FDA is the regulatory organ for food and food additives in the United 
States. A microorganism is recognized as GRAS, by qualified experts, if it has adequately 
shown to be safe under conditions of its use 
[48]
. 
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2.3 Objectives of the project 
The main aim of the project is to investigate whether the organic content (COD) of Skyr 
permeate can be reduced by microbial degradation using GRAS organisms.  
As the primary carbon source in dairy effluents is lactose, a screening process for GRAS 
microorganisms with the ability to degrade this compound was carried out by IRIS prior to 
this project. A total of 10 microbes were selected and purchased or provided by the company. 
The objectives of this work are: 
(1) To screen the microorganisms for their ability to use lactose as a carbon source in nutrient 
growth media 
(2) To test the organisms’ ability to grow and degrade lactose in media containing wastewater 
and reduced nutrient concentrations. 
(3) To investigate, for selected organisms, the growth, degradation of lactose and COD 
reduction in wastewater with minimal nutrients added.  
(4) To select the best candidate based on experimental results to perform controlled batch and 
continuous feed fermentations to investigate its performance in terms of lactose degradation 
rate and COD reduction at a larger scale.  
  
Biodegradation of wastewater from the milk industry by GRAS microorganisms 
 
13 
Lena Pedersen 
3 Material and methods 
 
3.1 Materials 
3.1.1 Milk industry waste 
The waste used is the permeate from industrial Skyr production. It was obtained from Q-
meieriene’s production facility in Klepp. The waste was stored in sterile containers in a fridge 
or a cooling room at 4 
o
C and used within a week. The composition of the waste was analysed 
by IRIS and is attached in Appendix 1.  
3.1.2 Microbial strains 
A total of 10 strains were tested for their ability to degrade lactose. Cryptococcus laurentii 
CY-0301, Cryptococcus flavus CY-0901, Kluyveromyces lactis var. Lactis ky-0603 , 
Kluyveromyces marxianus ky-0403, Lactococcus Lactis subsp. cremoris HP and 
Lactobacillus Plantarum subsp. plantarum Lp 39 were ordered from the Leibniz institute 
DSMZ (German collection of microorganisms and cell cultures). In addition, strains of 
Lactobacillus plantarum (hereafter referred to as L. plantarum BS), Lactobacillus 
acidophilus, Saccharomyces cerevisiae and Pichia pastoris were supplied by IRIS.  
3.1.3 Chemicals 
The chemicals used and the distributors are listed in Appendix 2. 
3.2 Media and solution preparation 
Different types of media were used at different stages of experiments. The media required for 
the different experiments were; media for stock cultures, media of nutrient solution with 
added lactose and media of wastewater with added nutrient solution. 
3.2.1 Media for stock cultures 
Five different media (broth and agar) were prepared in 2 L Schott bottles in accordance with 
Table 3.2.1. The media components were dissolved in Ultrapure water (UPW) or infusion 
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from potatoes. The pHs of the media were adjusted by adding NaOH (1M) or HCl (1M). The 
media were sterilized by autoclaving (121
o
 C, 15 min).   
 
Table 3.2.1. Composition of the media prepared for stock culturing. 
MRS 
(M.11)a 
Trypticase soy (TS) 
(M.92)
a
 
 
Potatodextrose 
(PD) 
(M.129)
a
 
Universal yeast 
medium (YM) 
(M.186)
a 
 
Yeast extract 
peptone dextrose 
(YPD) 
(M.393)
a
 
Broth: 
55.2 g MRS 
broth media 
1 L UPW 
pH 6.3 
 
Agar: 
Same as broth 
with 15 g 
Agar added 
 
Broth: 
17g Bacto
TM
 Tryptone 
3 g Bacto
TM
 Soytone 
2.5 g Glucose 
5 g NaCl 
2.5 g K2HPO4 
3 g Yeast extract 
1 L UPW 
pH 7.0 
 
Agar: 
Same as broth with 15 g 
Agar added 
Broth: 
20 g Glucose 
1 L infusion from 
potatoes 
pH 5.6 
 
Agar: 
Same as broth with 
15 g Agar added 
 
 
Broth: 
3 g Yeast extract 
3 g Malt extract 
5 g Bacto
TM
 peptone 
10 g Glucose 
1 L UPW 
pH 6.0 
 
Agar: 
Same as broth with 
15 g Agar added 
Broth: 
10 g Yeast extract 
20 g Bacto
TM
 
peptone 
20 g Glucose 
1 L UPW 
pH 6.4 
 
Agar: 
Same as broth with 
15 g Agar added 
a: Medium number used by DSMZ 
 
3.2.2 Nutrient solution in combination with lactose or wastewater  
The nutrient stock solution (Table 3.2.2) was made by preparing a yeast peptone solution and 
a saltpremix solution (pre-prepared mix of minerals for the growth of microorganisms) 
separately. These were kept separate and mixed only when preparing a final medium. The 
final medium was prepared by combining the nutrient solution with lactose or waste. 
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Table 3.2.2 Concentrated nutrient stock solution, containing yeast peptone and saltpremix. 
Nutrient 
Stock solutions 
Yeast peptone solution Saltpremix solution 
60 g Bacto peptone 
100 g Yeast extract 
I L Tap water 
4 g Saltpremix 
1 mL Tween 80 
1 L Tap water 
 
A 20% lactose solution was prepared by dissolving 20 g lactose in 100 ml UPW. The solution 
was then filter sterilized using a 0.2 µ sterivex filter. 
For small scale testing wastewater was prepared by adjusting pH with NaOH (1 M) or HCl (1 
M) to fit the specific microorganism pH requirements, and filter sterilized using a 0.2 µ 
sterivex filter. 
For Shake flask and anaerobic bottle cultivation and fermentation experiments saltpremix 
were dissolved directly in the waste to avoid dilution of waste lactose content. The pH was 
adjusted with NaOH (4 M) or HCl (1 M) and the solution was filter sterilized using a 
AkroPak
TM
 1000 Supor® membrane (pore size 0.8/0.2 µm) connected to a peristaltic pump 
running at 50 rpm (Figure 3.a).  
 
Figure 3.a Set-up for large volume media preparation of sterilized waste water. Waste is pumped from bottle 1 
and filter-sterilized upon disposal in bottle 2. 
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3.3 Microbial growth 
3.3.1 Inoculation of microbial cultures 
Innoculation with 5% of late exponential phase cultures were done in duplicates. 
Non-inoculated controls were used. 
3.3.2 Cultivation conditions 
The optimum cultivation conditions for each microbe are presented in Table 3.3.2 Aerobic 
organisms were incubated at 25 
o
C - 30 
o
C with orbital shaking at 150 rpm. Anaerobes were 
incubated at 30 
o
C or 37 
o
C without shaking. The growth media changed as the experiments 
proceeded. The media listed here are recommended by DSMZ 
[49] 
for optimum growth (media 
compositions are presented in Table 3.2.1). 
To obtain a healthy culture, frozen or freeze dried cultures were first pre-cultured in optimum 
media as described by the organisms supplier 
[49] 
Freeze-dried cultures of K. marxianus, K. lactis, C. laurentii, C. flavus, L. lactis and L. 
plantarum Lp 39 were re-suspended in their regular media (M.393, M.186, M.186, M.129, 
M.92 and M.11 respectively) and put to grow on agar plates and in broth as described on the 
DSMZ website . K. marxianus, K. lactis, C. laurentii and C. flavus were inoculated in 250 ml 
shake flasks containing 100 ml media. L. lactis and L. plantarum Lp 39 were inoculated in 20 
ml anaerobic tubes containing 17 ml media. The broth cultures were incubated for 24 h, while 
plates were incubated for 48 h. 
Frozen cultures of L. plantarum BS and L. acidophilus were allowed to thaw before they were 
pre-cultured in anaerobic tubes containing 17 ml media (M.11). The cultures were incubated 
for 24 h. Agar plates were incubated for 48 h. 
A fresh culture of S. cerevisiae and a frozen culture of P. pastoris were pre-cultured in closed 
50 ml sterile bottles containing 15 ml media (M.393). The cultures were incubated for 24 h. 
Agar plates were incubated for 48 h 
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Table 3.3.2 The Microorganisms used in this study and optimum cultivation conditions.  
Name Cultivation conditons 
Cryptococcus laurentii CY-0301 Medium 186, 25
 o
C 
Aerobic, pH 6.0-6.2 
 
Cryptococcus flavus CY-0901 
 
Medium 129, 25
 o
C 
Aerobic, pH 5.6 
 
Kluyveromyces lactis var. lactis ky-0603 
 
Medium 186, 25
 o
C 
Aerobic, pH 6.0-6.2 
 
Kluyveromyces marxianus ky-0403 
 
Medium 393, 25 
o
C 
Aerobic, pH 6.0-6.2 
 
Lactococcus lactis subsp. cremoris HP 
 
Medium 92, 30 
o
C 
Anaerobic, pH 7.0 
 
Lactobacillus plantarum subsp. plantarum Lp 39 
 
Medium 11, 30 
o
C 
Anaerobic, pH 6.0-6.2 
 
Lactobacillus plantarum BS 
 
Medium 11, 30 
o
C 
Anaerobic, pH 6.0- 6.2 
 
Pichia Pastoris 
 
Medium 393, 25 
o
C, pH 6-0-6.2 
 
Saccharomyces cerevisiae 
 
Medium 393, 25 
o
C, pH 6.0-6.2 
 
Lactobacillus acidophilus 
 
Medium 11, 37 
o
C 
Anaerobic, pH 5.6 
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3.3.3 Small-scale cultivation in tubes 
The Screenings of the microbes’ ability to degrade lactose were performed on small scale to 
limit use of media and facilitate handling of a large number of cultures. The first experiment 
was cultivation on nutrient solution and lactose.  
3.3.3.1 Cultivation in nutrient solution with added lactose 
Cultures of L. plantarum BS and L. acidophilus were inoculated in 25 ml anaerobic tubes 
containing media as described in Table 3.3.3.a. Cultures of L. plantarum Lp 39 and L. lactis 
were inoculated in 25 ml anaerobic tubes containing medium 1 (Table 3.3.3.a).  
 
Table 3.3.3.a Media with different concentrations of yeast peptone added for growth of anaerobic 
microorganisms on lactose. 
Medium no. Saltpremix (ml) Yeast peptone (g/L) Lactose (g/L) 
1 13 40 20 
2 14 30 20 
3 15 20 20 
4 16 10 20 
5 17 - 20 
 
Cultures  of K. lactis, C. laurentii, K. marxianus C. flavus, P. pastoris and S. cerevisiae were 
inoculated into 50 ml Schott tubes with 10 ml medium containing saltpremix, lactose (20 g/L) 
and yeast peptone (40 g/L).  
3.3.3.2 Cultivation in wastewater with added nutrients 
Cultures of L. plantarum BS, L. plantarum Lp 39 and L. lactis were inoculated into 25 ml 
anaerobic tubes with 17 ml media containing waste (500ml/L), YP (40 g/L), and minerals (2 
g/L).  
Thereafter the strains were inoculated in media with reduced nutrients (yeast peptone) as 
described in Table 3.3.3.b. A control (medium 6) with no added wastewater was included.  
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Table 3.3.3.b Media with different concentrations of yeast peptone added for growth of L. plantarum BS, L. 
lactis and L. plantarum Lp 39. 
Medium no. Salpremix (ml) wastewater (ml) Yeast peptone (g/L) 
6 16 - 10 
7 8 8 10 
8 8.5 8.5 2.5 
9 8.5 8.5 1.0 
10 8.5 8.5 - 
 
Cultures of K. lactis, C. laurentii, K. marxianus and C. flavus were first inoculated in 50 ml 
Schott tubes containing medium 11 and 12 (Table 3.3.3.c). 
Tubes containing medium 13 and 14 were inoculated with cultures of limited nutrition 
(medium 12) from the previous experiment to avoid carryover of yeast peptone. Medium 13 
represented a control with no wastewater added. 
 
Table 3.3.3.c Media with different concentrations of yeast peptone added to a mix of waste and saltpremix for 
growth of K. lactis, C. laurentii, K. marxianus and C. flavus. 
Medium no. Saltpremix (ml) wastewater (ml) Yeast peptone(g/L) 
11 3.75 3.75 40 
12 5 5 2.5 
13 10 - 2.5 
14 5 5 - 
 
3.3.3.3 Cultivation in wastewater with minimal nutrients 
Cultures of K. lactis and C. laurentii were inoculated in 50 ml Schott tubes containing 
medium 15 and 17 (Table 3.3.3.d). A culture of L plantarum Lp 39 was inoculated in 25 ml 
anaerobic tubes containing medium 16 and 18 (Table 3.3.3.d).  
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Table 3.3.3.d  Media containing wastewater with limited amount of nutrients (Yeast peptone and saltpremix) 
added. 
Medium no. Saltpremix (ml) wastewater (ml) Yeast peptone (g/L) 
15 1 10 2.5 
16 1.5 15 2.5 
17 0.25 10 1.0 
18 0.45 17 1.0 
 
3.3.4 Shake-flask and anaerobic bottle cultivation 
Saltpremix and yeast peptone were added to wastewater to make up three media of different 
nutrient concentrations (Table 3.3.4). 
Pre cultures for K. lactis and C. laurentii were prepared by inoculating 50 ml of medium I 
(Table 3.3.4) with cultures from agar plates. After 24 h incubation, a 5 ml sample of the pre 
cultures were transferred to 500 ml Erlenmeyer flasks containing 100 ml of medium I and II 
(Table 3.3.4). Inoculums were made in duplicates. Negative controls for both media were 
included. The orbital shaker was set at 170 rpm at 30 
o
C 
A pre culture for L. plantarum Lp 39 was prepared by inoculating 100 ml of medium I (Table 
3.3.4) with a refrigerated culture. After 16 h incubation, a 10 ml sample of the pre culture was 
transferred to anaerobic bottles containing 200 ml of medium I and III (Table 3.3.4). 
Inoculums were made in duplicates. Negative controls for both media were included. The 
cultures were incubated at 30 
o
C. 
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Table 3.3.4 Final nutrient concentration after addition to wastewater to make up media I-III 
Medium no. Nutrients 
 Saltpremix ( g/L) Yeast peptone (g/L) 
 
I 0.1 2.5 
II 0.1 10 
III 2 40 
 
3.3.5 Cultivation in fermenter 
Cultivation was performed in a 15 L Chemap pilot laboratory fermenter (Series 3000). A 
batch run of 8 L wastewater with saltpremix (0.1 g/L) and yeast peptone (1.5 g /L) was 
inoculated with 300 ml inoculums from a steady state culture of K. lactis. The temperature 
was kept at 30 
o
C and pH was controlled at 5.0 by automatic addition of KOH (2 M) and 
H2SO4 (1 M). The fermenter was sparged with air at a flow rate of 157 l/h and stirred at 1000 
rpm. The dissolved oxygen concentration was continuously monitored with an oxygen 
electrode (Metler toledo), and was kept above 60 % throughout the fermentation. Microbial 
growth was monitored with an optek fermento control. A control cabinet (Series 3000) and 
labview (software) were used for process control. Mazu (antifoam) was added in the early 
stage of fermentation to reduce foaming. 
3.4 Microbial growth measurements 
Microbial growth was monitored by measuring optical density (OD) with a Amersham 
biosciences Ultraspec 2100 pro spectrophotometer. During all measurements UPW was used 
as blank and when necessary also as dilutant. The absorbance was at all times measured at 
600 λ.  
Cell dry weight was determined using a Mettler AE 240 analytical balance, a Heraeus 
sepatech Labofuge 200 centrifuge, centrifuge tubes and a Termaks incubator. Suspended cells 
(5 ml) were added to two pre-weighed tubes. The tubes and their contents were weighed and 
centrifuged (2500 g, 12 min). The supernatant were discarded, and the cells were washed with 
ultrapure water prior to a second centrifugation (25000 g, 12 min). The supernatant were 
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again discarded, and the tubes were left to dry in the incubator at 105 
o
C over night. The tubes 
were weighed after drying, and cell dry weight was determined using the following equation: 
 
                            
                                  
      
 
Cell doubling time (h) was determined based on the slope (x) of exponential growth phase 
(see Figure 3.b) using the following equation: 
   
     
 
 
 
Figure 3.b The slope (x) of exponential growth is used to determine cell doubling time. 
 
3.5 Chemical analysis 
3.5.1 Lactose measurements  
Samples for lactose measurements were stored in Eppendorf tubes in a freezer at -77 
o
C. 
The lactose concentration was measured using an Agilent 1100 series HPLC isocratic system 
with refractive index detection, equipped with a Shimadzu SIL-9A auto injector. A Hamilton 
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PRP X700 Amino ligand exchange column was used. The column was eluted at 40
o
C with 
acetonitrile (80%) and the remaining 20% made up of water at a flowrate of 0.8 ml/min. 10 
µL of sample was injected. The nitrogen gas (compressed 4.0) flow was 1.5 L/min.  
For HPLC measurements a lactose stock solution (10%) was made by dissolving lactose in 
UPW. Standards were prepared as described in table 3.5.1. Between dilution 1 and 2, the 
solution was filtered using a 0.2 µ filter. 
Table 3.5.1 Preparation of Lactose standards for HPLC analysis 
Vial number Initial lactose 
concentration 
(g/L) 
Dilution 1 Dilution 2 Final lactose 
concentration 
(g/L) 
1 100 3,5:10 1:100 0,35 
2 100 3:10 1:100 0,3 
3 100 2,5:10 1:100 0,25 
4 100 2:10 1:100 0,2 
5 100 1,5:10 1:100 0,15 
6 100 1:10 1:100 0,1 
7 100 0,5:10 1:100 0,05 
8 100 0,25:10 1:100 0,025 
9 0 0 0 0 
 
The samples collected after cultivation were spun down using a Hettich Mikro 22R 
centrifuge, the supernatant was filtered using 0.2 µ filters. The filtrate was transferred to 1.5 
ml Eppendorf tubes, and stored in a freezer at -77 
o
C until it was analyzed on the HPLC. The 
samples were diluted (1:100) in UPW and measured. 
3.5.2 Chemical oxygen demand (COD) measurements 
Samples for COD measurements were stored in Eppendorf tubes in a fridge at 4 
o
C. 
The COD content of the samples were determined by using a Spectroquant COD cell test kit 
from Merck. The kit is based on the closed reflux, colorimetric method (APHA 5220 D) in 
standard methods 
[50]
. The measuring range of the COD cell test kit used was 500-10000 mg 
COD/L. 1 ml of pre-treated (filtered and diluted (1:10)) sample were added to the COD vials 
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which were sealed and digested for 2 h at 148 
o
C in a Merck spectroquant thermoreactor TR 
620. The COD was then determined using a Merck UV/VIS Spectroquant Pharo 300 
spectrophotometer. 
3.5.3 pH measurements 
Measurements of pH were performed with a Radiometer Copenhagen PHM210 Standard pH 
meter according to manufacturer’s instructions. The pH meter was periodically calibrated 
with buffers of pH 7 and 4. 
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4 Screening of organisms for waste biodegradation: 
Results and discussion  
 
For the preliminary screening of ability to degrade lactose, cultivation was performed in 
small-scale cultures. This enabled the efficient screening of a large number of different 
organisms at different growth conditions.  
4.1 Microbial growth on nutrient solution and lactose 
As lactose is the main component of the skyr waste, the strains were first tested for their 
ability to degrade lactose in nutrient growth media (see section 3.3.3.1). The ability of the 
strains to degrade lactose was first performed in a highly nutritious media (40 g/L yeast 
peptone) with lactose as added carbon source.  
4.1.1 Growth of all strains in nutrient media containing lactose 
To screen the 10 strains for their ability to degrade lactose, they were inoculated into nutrient 
media containing lactose as the main source of carbon. Microbial growth was recorded as 
Optical density at 600nm (according with section 3.4). During these growth experiments, pH 
was also recorded as lactose degradation often results in accumulation of lactic acid in the 
growth media, leading to an acidification of the growth media and in some cases growth 
inhibition 
[51]
.
 
Table 4.1 lists the growth and pH obtained by the strains after incubation of 24 
h.  
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Table 4.1 Microbial growth (as OD600) and pH obtained for the different strains when incubated on nutrient 
solution (40 g/L yeast peptone) with added lactose for 24 h. C. flavus were incubated for 32 h. 
Strain OD600 pH Control OD600 Control pH 
L. plantarum Lp 39 11.0 ± 0.35 3.56 ± 0.01 0.19 6.34 
L. lactis 1.83 ± 0.08 4.54 ± 0.02 0.21 6.81 
L. acidophilus 4.51 ± 0.00 3.67 ± 0.04 0.14 5.60 
L. plantarum BS 12.4 ± 0.49 3.50    0.05 0.15 6.43 
C. laurentii 20.2 ± 1.63 8.57 ± 0.04 0.24 6.35 
K. marxianus 5.84 ± 0.26 8.31 ± 0.01 0.24 6.35 
K. lactis 18.6 ± 0.92 6.33 ± 0.13 0.24 6.35 
C. flavus 3.00 ± 0.42 6.54 ± 0.23 0.22 5.60 
P. pastoris 14.9 ± 1.06 8.09 ± 0.01 0.51 6.14 
S. cerevisiae 1.72 ± 0.06 6.72 ± 0.05 0.51 6.14 
 
The anaerobic strains (L. plantarum Lp 39, L. lactis, L. acidophilus and L. plantarum BS) all 
produced an acidic environment within the growth medium, as indicated by a reduction in pH 
(Table 4.1). When degraded, lactose is first metabolized to the two sugars it is made up of, 
glucose and galactose. Fermentative degradation of glucose yields either lactic acid as a single 
product (homofermentative) or lactic acid in combination with other by-products such as 
ethanol and CO2 (heterofermentative) 
[30]
.  Thus the reduced pH observed indicates formation 
of lactic acid as a result of lactose degradation. 
In contrast with the anaerobic organisms, growth of the aerobes on yeast peptone and lactose 
resulted in an increased pH of their environment (Table 4.1) (except for K. lactis). This could 
be coupled to degradation of the yeast extract, as yeast extract contains compounds such as 
amino acid and peptides. If the growth on the lactose degradation products, glucose and 
galactose, proceeds  aerobically through the glycolytic pathway the net product should be CO2 
[29]
.The slow growth of C. flavus could indicate that the growth media used is not suitable for 
the species as it has been documented to reach higher cell densities 
[52] 
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.  
4.1.2 Growth of control organisms lactobacillus in reduced nutrient 
content 
Because the growth of Lactobacillus organisms have been shown to be highly nutrient 
demanding 
[53]
, two of the strains, L. plantarum BS and L. acidophilus were selected to 
perform further tests to investigate the nutrient requirements and effect of nutrient reduction 
on lactose degradation. Growth experiments on lactose in saltpremix with yeast peptone 
addition ranging from (40-0 g /L) were performed (Figure 4.a and 4.b). 
 
 
4.a Growth and pH obtained by L. plantarum  BS when grown on lactose with reduced concentrations of yeast 
peptone for 24 h. 
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Figure 4.b Growth and pH obtained by  L. acidophilus when grown on lactose with reduced concentrations of 
yeast peptone for 48 h. 
Figures 4.a and 4b indicate a close to linear relationship between yeast peptone addition and 
cell density obtained for L. plantarum BS and L. acidophilus, and an inability for these 
organisms to grow in its absence. This result clearly indicates that additional nutrients are 
required to support bacterial growth. The similar pHs obtained when grown on yeast peptone 
in the range of 10-40 g/L, could imply that it may degrade but not mineralize the lactose and 
produces lactic acid.  
Due to the combination of slow growth and high nutrition demand L. acidophilus was not 
included in further experiments. 
Biodegradation of wastewater from the milk industry by GRAS microorganisms 
 
29 
Lena Pedersen 
4.1.3 Ability of control organisms to degrade lactose  
S. cerevisia and P. pastoris were used as negative controls for degradation of lactose as they 
were available in the laboratory. These yeasts lack the fundamental enzymes for lactose 
uptake (lactose permease system) and hydrolysis (β-galactosidase) [45, 54]. Cultivations in 
nutrient solution (40 g yeast peptone/L) with different carbohydrates (2% glucose or 2% 
lactose) and with no carbohydrates added were performed (Figure 4.c). 
 
 
Figure 4.c Growth (OD) of S. cerevisiae (red) and P. pastoris (blue) on nutrient soultion with and without 
hydrocarbon addition. 
The addition of lactose to the growth media did not generate more growth than with nutrients 
alone (see figure 4.c), suggesting that the organisms do not metabolize lactose and that the 
growth observed in Table 4.1 was due to degradation of yeast peptone rather than lactose. In 
addition the experiment with added glucose proved that the organisms are capable of growing 
to a higher cell density in the presence of a metabolizable carbon source. Hence these growth 
experiments conclude that S. cerevisiae and P. pastoris have insufficient enzymatic capacity 
to grow on lactose. 
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4.2 Microbial growth in nutrient media containing wastewater 
Growth experiments with the remaining seven strains (excluding S. cerevisia, P. pastoris and 
L. acidophilus) were performed in a 50:50 mix of wastewater and nutrient media (see. Section 
3.3.3.2). In these growth tests, the concentration of yeast and peptone is reduced compared to 
previous tests. This was done for two specific reasons; (1) reducing media cost and (2) 
avoiding addition of unnecessary nutrients which could lead to a higher concentration of 
nutrients remaining in the media after biodegradation.  Based on the pH values following 
growth in the previous experiment (4.1), L. plantarum BS may degrade the same amount of 
lactose on full nutrition (40 g/L yeast peptone) as on 10 g/L. It was therefore of interest to see 
if the nutrition level could be further reduced, and if the same applied for all the anaerobic 
strains (L. plantarum Lp 39, L. plantarum BS and L. lactis). Following growth to stationary 
phase, lactose (section 3.5.1), growth, and pH were measured. 
The results (cell density and pH) from growing the anaerobic strains to stationary phase on 
reduced nutrition are presented in Figures 4.d, 4.e and 4.f.  
The Lactose standard curve used for lactose determination is presented in Appendix 3. 
For all the strains tested the microbial growth and lactose remaining (%) after 24 h incubation 
are related to yeast peptone addition and presented in Figure 4g.  The pHs resulting from 
growth to stationary phase are presented in table 4.2. 
. 
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Figure 4.d Growth and pH obtained by L. plantarum BS after 24 h incubation in media containing wastewater 
and varying concentrations of yeast peptone. 
 
 
Figure 4.e Growth and pH obtained by L. plantarum Lp 39 after 24 h incubation in media containing wastewater 
and varying concentrations of yeast peptone. 
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The near linear relationship between yeast peptone added and growth (OD) of L. plantarum 
BS (Figure 4.d) is still apparent. At 1 g/L nutrients added the pH is above 4, implying that the 
lower limit of nutrient addition could be 2.5 g/L. The same trend is observed for L. plantarum 
Lp 39 (Figure 4.e), where full nutrition (40 g/L yeast peptone) is also included in experiment. 
The data-points of interest for lactose analysis were thus inoculums where 40, 10 and 2.5 g/L 
yeast peptone had been added. 
 
 
Figure 4.f Growth and pH obtained by L. lactis after 24 h incubation in media containing wastewater and varying 
concentrations of yeast peptone. 
The growth of L. lactis, varied with amount of yeast peptone added (Figure 4.f). It is however 
apparent that the pH reduction is similar between 40 and 2.5 g/L yeast peptone added (see 
Table 4.2). The same pH (≈ 4.5) was also reached in the experiment in section 4.1. This 
implies that either of two events has occurred; (a) All the lactose has been degraded or (b) It 
has reached a pH at which growth cannot be sustained. Lactose analysis were therefore 
performed on cultures with 10 and 2.5 g/L yeast peptone added to determine which of the two 
events had occurred. 
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Table 4.2 The pHs obtained by the strains when grown to stationary phase on diluted waste supplemented with 
varying concentrations of yeast peptone.  
Strain Yeast peptone (g/L) Control pH pH 
K. lactis 40 6.20 6.23 ± 0.08 
K. lactis 2.5 6.20 6.55 ± 0.01 
K. lactis 0 6.20 5.95 ± 0.04 
C. laurentii 40 6.20 8.47 ± 0.01 
C. laurentii 2.5 6.20 7.57 ± 0.02 
C. laurentii 0 6.20 7.23 ± 0.06 
K. marxianus 40 6.20 6.95 ± 0.36 
K. marxianus 2.5 6.20 7.13 ± 0.04 
K. marxianus 0 6.20 6.52 ± 0.18 
C. flavus 2.5 5.60 6.60 ± 0.03 
L. plantarum Lp 39 40 6.30 3.56 ± 0.04 
L. plantarum Lp 39 10 6.30 3.60 ± 0.01 
L. plantarum Lp 39 2.5 6.30 3.75 ± 0.01 
L. lactis 10 6.80 4.65 ± 0.01 
L. lactis 2.5 6.80 4.69 ± 0.01 
L. plantarum BS 10 6.30 3.73 ± 0.04 
L. plantarum BS 2.5 6.30 3.90 ± 0.01 
 
 
From figure 4.g it appears that K. lactis, C. laurentii and C. flavus are the best lactose 
degraders. The growth of C. flavus was slower than that of the other organisms, and because it 
does not tolerate highly nutritious media, growth was only tested at 2.5 g/L yeast peptone 
added (Figure 4.g.7). The HPLC analysis results showed that C. flavus degraded the lactose, 
yet left high amounts of galactose and/or glucose (these two sugars could not be differentiated 
by the column and peaked at the same retention time). Converting the lactose to glucose 
and/or galactose does not lower the COD, illustrating that lactose degradation does not 
necessarily mean its complete mineralization and therefore does not necessarily lead to COD 
reduction. K. lactis and C. laurentii both degraded the lactose and grew to the highest cell 
density even in low addition of nutrients (2.5 g/L yeast peptone). This indicates that the 
organisms do not require high nutrient levels (ex. 40 g/L as in fig. 4.g) to support optimum 
growth.    
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Figure 4.g Microbial growth and lactose remaining (%) after growth to stationary phase (24 h). (1) K. lactis, (2) 
C. laurentii, (3) K. marxianus, (4) L. plantarum Lp 39, (5) L. plantarum BS, (6) L. lactis and (7) C. flavus. 
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K. marxianus degraded lower amounts of lactose on the high nutrition compared to limited or 
no nutrition, indicating a preference for other sources of carbon. The increased pH in the 
media (Table 4.2) suggests the organism could be degrading some acidic compounds 
originally in the waste or in the yeast peptone. K. marxianus should perhaps have been grown 
on lower pH media as it was reported by Ghaly et al. that  high pHs inhibited growth 
[55]
. 
 L. plantarum Lp 39 and L. plantarum BS (Figures 4.g.4 and 4.g.5) show a clear relation 
between yeast peptone added, biomass formation and lactose degraded. Even at the highest 
nutrition growth of L. plantarum Lp 39, lactose remains in the media after growth to 
stationary phase. This is likely due to the acidic environment created, limiting further growth 
and degradation. 
L.lactis degraded more lactose on lower nutrition (2.5 g/L) than higher nutrition (10 g/L), with 
the same pH (4.6) reached in both cases. This implies that on higher nutrition, some growth is 
due to yeast peptone degradation. The resulting pH drop may also be limiting further growth. 
The specific growth rate of L. lactis at pH 4.5 has been documented to be very low 
[56]
. 
Harvey et al reported that growth of L. lactis below a pH of 5 is inhibited due to a marked 
decrease of enzymatic activity important in the cells major metabolic pathways 
[57]
 . 
Based on their ability to degrade lactose, combined with their relatively low nutrients 
requirements, the organisms K. lactis and C. laurentii were chosen for further testing. L. 
plantarum Lp 39 was also included in spite of comparatively high nutrient requirements, as 
this organisms was of particular interest to the company (Q-meieri), as it is routinely used in 
the milk industry. 
4.3 Microbial growth in wastewater with added nutrients 
Prior to this point the strains’ degradation abilities was tested on media containing 50% waste 
as this media was much more straightforward to prepare and therefore facilitated the 
screening of many organisms and growth conditions. The organisms selected for further study 
(K. lactis, C. laurenti and L. plantarum Lp 39) were tested for growth and lactose degradation 
directly on waste supplemented with limited nutrients. The required minimal nutrients to 
support K. lactis growth was found to be 0-2.5 g/L yeast peptone (results from section 4.2). It 
was therefore decided that growth should be carried out on 2.5 g/L and 1.0 g/L yeast peptone 
added.  
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Media was prepared according to Section 3.3.3.3. Exponential phase cultures were used as 
inoculums. Cell growth, pH and lactose concentration were measured in the growth media 
before and after growth to stationary phase according to Sections 3.4 and 3.5 
Table 4.3 shows the resulting pH obtained by growing cells to stationary phase on full waste 
supplemented with limited nutrition (yeast peptone and minerals). Figures 4.h and 4.i 
illustrate the cell density (OD600nm) and lactose remaining in the samples after growing the 
organisms to stationary phase on limited nutrition (2.5 g/L and 1.0 g/L yeast peptone). 
 
Table 4.3 The pHs obtained by the strains when grown to stationary phase on waste supplemented with varying 
concentrations of yeast peptone. 
Strain Yeast peptone (g/L) Control pH pH  
C. laurentii 2.5 6.1 6.8 ± 0.0  
C. laurentii 1.0 6.1 6.4 ± 0.0  
K. lactis 2.5 6.1 5.7 ± 0.2  
K. lactis 1.0 6.1 5.1 ± 0.0  
L. plantarum Lp 39 2.5 6.1 3.9 ± 0.0  
L. plantarum Lp 39 1.0 6.1 4.3 ± 0.0  
 
 
Figure 4.h Growth (OD) and lactose remaining (%) after growing cells to stationary phase on waste 
supplemented with 2.5 g/L yeast peptone. 
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Figure 4.i Growth (OD) and lactose remaining (%) after growing cells to stationary phase on waste 
supplemented with 1.0 g/L yeast peptone. 
According to Figure 4.h, K. lactis degraded all the lactose on 2.5 g/L nutrition, even though 
salt concentrations were reduced and waste lactose content was doubled. However at 1 g/L 
yeast peptone added, nutrients became limiting, as shown by a low concentration of lactose 
remaining in the media after growth. The pH (see Table 4.3) decreased during growth and 
degradation, indicating a possible build-up of organic acid resulting from carbohydrate 
metabolism. It is also noticeable that on the “higher nutrition” the end pH is higher. Since the 
carbohydrates have already been degraded, this could indicate that the organism is further 
degrading some of the acidic by-product. 
 C. laurentii degraded half the waste lactose content on 2.5 g/L yeast peptone (Figure 4.h). 
Biomass formation and biodegradation decreased when yeast peptone was limited (1 g/L), 
indicating that the organism requires higher levels of nutritents. The end pH observed is 
higher compared to the control (Table 4.3), implying that C. laurentii is consuming acidic 
compounds of the waste or the yeast extract.  
L. plantarum Lp 39 degraded the lactose content by 18% on 2.5 g/L yeast peptone, with a pH 
reduction to 3.9. This indicates that growth has not been optimum and that the lack of 
nutrients limited further growth and degradation. At 1 g/L addition most of the lactose 
remained in the growth medium (99 % remaining).  
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From the results it was concluded that added nutrients for the K. lactis and C. laurentii strains 
could be set at 2.5 g/L yeast peptone without greatly limiting cell growth or biodegradation, 
while the L. plantarum requires higher levels of nutrients both to support growth and ensure 
efficient lactose biodegradation. 
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5 Organisms growth characteristics: results and 
discussion 
Growth curve experiments were carried out on the three selected strains, K. lactis, C. laurentii 
and L. plantarum Lp 39. This was done to get a better picture of their growth pattern and 
relationship between growth and lactose degradation. One set of experiments were performed 
on limited media (media I) and the other on nutrient media (media II and III) (media 
composition Section 3.3.4).  The cell density (OD600nm), lactose concentration and pH were 
measured at regular intervals. In addition cell dry-weight (see section 3.3.4) and the COD (see 
section 3.5.2) of the samples were analyzed at stationary phase. 
The results for the cell growth, lactose degradation and pH changes are presented in Figure 
5.a for K. lactis, Figure 5.b for C. laurentii and Figure 5.c for L. plantarum. The cell dry-
weight obtained and results of COD analysis on nutrient and limited media are presented in 
Figures 5.d and 5.e respectively. 
 
 
Figure 5.a Lactose degradation and pH changes during K. lactis growth (OD) in nutrient media (left side) and 
limited media (right side). 
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Figure 5.b Lactose degradation and pH changes during C. laurentii growth (OD) in nutrient media (left side) and 
limited media (right side). 
  
 
Figure 5.c Lactose degradation and pH changes during L. plantarum Lp 39 growth (OD) in nutrient media (left 
side) and limited media (right side). 
 
Biodegradation of wastewater from the milk industry by GRAS microorganisms 
 
41 
Lena Pedersen 
 
Figure 5.d The Cell dry-weight (g/L) and COD remaining (%) after growth to stationary phase in nutrient media 
for K. lactis, C. laurentii and L. plantarum Lp 39. 
 
 
Figure 5.e The Cell dry-weight (g/L) and COD remaining (%) after growth to stationary phase in limited media 
for K. lactis, C. laurentii and L. plantarum Lp 39. COD were not measured for L. plantarum Lp 39. 
A similar trend was observed for growth, pH and lactose degradation when K. lactis was 
cultured on limited or nutrient media (Figure 5.a). The time required for cell doubling was 
found to be 3.1 h (see section 3.4 for cell doubling determination). The lactose contained in 
the waste was completely degraded during the exponential growth phase. The pH of the 
medium was lowered during K. lactis exponential growth, yet increased upon entering 
stationary phase. Hence the lowering of pH can be linked to the degradation of lactose to 
acetic acid. In stationary phase it is plausible that mineralization of acetic acid is responsible 
for the observed pH increase. Based on the results presented in Figure 5a, 20g/L of lactose in 
the medium was degraded within 5 hrs, which indicates a lactose degradation rate of 4 g/L/h 
during exponential growth phase. Although growth characteristics seem to be very similar on 
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both limited and nutrient media, differences in the resulting cell dry-weight were obtained 
(Figures 5.d and 5.e). Biomass formation was higher on nutrient media. This however did not 
result in a more effective COD removal. In fact, in nutrient media the COD of the medium 
prior to growth is 10 g/L higher due to the higher yeast peptone concentration. This has to be 
taken into account when looking at overall COD removal. Thus limiting nutrients is favorable 
when the overall aim is to reduce the COD of the waste, as long as it does not limit the cell 
growth and biodegradation. The high COD remaining in spite of the lactose being degraded 
suggests that a large portion of the lactose is converted to bi-products such as ethanol.  
In contrast to K. lactis, C. laurentii started degrading lactose in late exponential phase and 
continued during stationary phase (Figure 5.b). This indicates (as also observed by HPLC) 
that much of the biomass obtained during exponential phase is a result of the degradation of 
glucose and/or galactose from the waste or added nutrients. The pH remains stable 
throughout, suggesting that it degrades the acidic by-products rapidly and/or produces 
alcohol. The time required for cell doubling was found to be 3.2 h. The average hourly 
removal rate of lactose during stationary phase was 0.70 g/L and 0.85 g/L on nutrient and 
limited media respectively. Biomass formation (cell dry-weight) was similar when grown on 
both media (C. laurentii, Figure 5.d).  The percentage of COD removed was higher on low 
nutrition, even though the starting COD is lower. It is possible that given time the organism 
would have degraded a higher portion of the lactose. The relatively high COD remaining 
suggests that lactose is converted to biproducts, and not further degraded. 
As expected, growth of L. plantarum Lp 39 was markedly different on nutrient media 
compared to limited media (Figure 5.c). A lowering of pH as a consequence of lactic acid 
formation is observed in both cases. The time required for cell-doubling was 2.2 h. On 
nutrient media, degradation of lactose continues until a point at which the pH may be limiting 
further growth. On limited media cell density remained low and most of the lactose remained 
after growth. A COD analysis was not performed after limited media growth, due to limited 
interest in these results obtained from growth on nutrient media . As had already been 
indicated by pH, the COD value suggests that lactose is only degraded to lactic acid rather 
than mineralised. Hence, as high amount of nutrients are put in, and no COD is reduced, the 
COD at the outlet of such a process would be higher than what went in. Additionally the cell 
dry-weight of L. plantarum Lp 39 is considerably lower than for the other strains (Figures 5 d 
and e). 
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The high nutrient demand and low biomass production along with its inability to reduce COD 
makes L. plantarum Lp 39 an unsuitable candidate for the waste degradation and COD 
removal. The total COD removal from C. laurentii and K. lactis grown on limited media were 
similar, but the lactose degradation rate from K. lactis was shown to be higher as well as 
initiated rapidly during the cell exponential growth phase. This organism was therefore 
chosen for further study as a possible candidate for COD removal from skyr waste on the 
large scale. 
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6 K. lactis fermentation: Results and discussion 
 
After a screening of 10 different organisms, K. lactis was chosen based on low nutrient 
demand, high lactose conversion rate and promising COD removal following batch culture 
tests. K. lactis’ ability to grow and reduce the lactose and COD content of skyr waste at the 
larger scale was tested through fermentation in a 15 L fermenter according to section 3.3.5.  
The fermenter was run for 98 h, with two different processes; (1) batch fermentation (0-41 h) 
and (2) continuously fed fermentation (49-98).  Between 41-49 hours addition of yeast 
peptone were performed to investigate whether nutrients were limiting growth or waste 
biodegradation. 
6.1 Batch fermentation 
K. lactis organisms were inoculated into a fermenter containing sterile wastewater and limited 
nutrients (see section 3.3.5). The fermenter was run for 41 h to investigate biodegradation 
during exponential and stationary growth phases. Figure 6.a shows cell growth measurements 
(OD600nm), oxygen consumption (%) and COD remaining (%) during the batch 
fermentation.  
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Figure 6.a Microbial growth (ln OD600), dissolved oxygen (%) and COD (%) consumption in a batch fermenter 
run for 41 h. 
The fermenter was inoculated at time 0, but as stirring rate were changed 5 hours later after 
oxygen was observed to be a limiting factor, the optical density and dissolved oxygen reads 
from the fermenter log were disrupted. Hence the growth curve starts of at 5 h (Figure 6.a). 
The stirring rate was increased due to rapid consumption of oxygen, indicating that the lag 
phase was short. The air flow rate had to be increased as well throughout the first 17 h. This 
ensured that DO was kept above 60% throughout the experiment. 
 During late exponential growth the consumption of oxygen was at its highest (Figure 6.a). 
The same was observed for COD consumption. Hence the oxygen demand for COD removal 
was met in the fermenter. The rate of COD consumption decreased when the organism 
entered stationary phase (either due to limited nutrients or maximum cell density reached), 
and consequently DO consumption was gradually lowered. The reduced COD removal rate 
could be due to limiting nutrients and /or low activity from organisms at stationary phase. The 
cell dry-weight obtained for the organism at 24 h (max. OD600) was 9.3 ± 0.3 g/L. This 
represents an increase of 3 g/L compared to the cell dry-weight obtained in shake flask 
cultures section 5 (K. lactis,Figure 5.e). Comparing the left-over COD (%) at end of both 
experiments (shake flask and fermentation), it is clear that the fermenter provided favorable 
conditions for growth and COD removal. 
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The availability of DO is likely the parameter causing the big difference in COD reduction 
between the two cultivation processes. Cultivation in shake flasks did not provide optimal 
aeration leading to the assumption that fermentative growth occurred at some point. This 
converted galactose and/or glucose (via glycolysis) to ethanol, a process which does not lower 
the COD. Production of ethanol from excess glucose under fully aerated conditions (Crabtree 
effect) has been observed in some yeasts (e.g. S. cerevisiae)
[58]
. K. lactis has however been 
identified as a Crabtree-negative yeast 
[59]
. Thus when supplied with excess glucose under 
sufficiently aerated conditions, it will utilize it for growth rather than ethanol production. 
Hence the main difference in COD removal is likely related to ethanol production when 
oxygen is limiting.  
At 41 h (figure 6.a) it was clear that cell death phase had been reached. To try and spur the 
growth (and to investigate whether nutrients were the limiting factor), yeast peptone was 
added to the culture. Additions lead to rapid growth and consumption of the yeast peptone, 
but further growth beyond that did not occur, suggesting nutrients were not the limiting factor 
for growth. 
6.2 Continuously fed fermentation 
The batch reactor was converted to a continuously fed reactor, by pumping equal volumes in 
and out of the system. Throughout the continuously fed fermentation, different wastewater 
flow rates (200, 300 and 500 ml/h) were tested. Figure 6.b shows a graphical representation of 
the entire fermentation including batch. In Table 6.1 the averaged COD and lactose removal 
rates during batch and continuous fermentation are presented. 
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Figure 6.b Cell density (OD) and oxygen consumption (DO) during batch (t0 to t40h) and continuous fed 
fermentations (t40hrs to 98hrs). 
Table. 6.1 COD and lactose average removal rates (g/L/h). 
Time (h) Removal of COD (g/L/h) Removal of Lactose (g/L/h) 
0 - - 
17 1.7 1.8 
20 2.2 - 
24 0.7 - 
41 0.5 - 
49 -0.4 - 
65 1.5 0.83 
79 1.9 1.36 
90 2.2 1.35 
97 2.3 1.24 
 
The OD reached in figure 6.b was monitored automatically by the software. The probe used 
was however not calibrated to fit this organism, so the OD should only be read as a trend in 
this case. At 41 h, anti-foam reagent was acidentally added, causing a decreased OD read by 
the probe. For these reasons the trends are more easily and correctly interpreted when looking 
at oxygen consumption. 
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At 49 h, continuous feed in the fermenter was started. Yeast peptone was added at a rate of 
0.07 g/L/h, and wastewater was fed at 200 ml/h. The organism responded instantly, and 
growth was clearly indicated by consumption of DO. At 200 ml/h the organism grew and 
consumed oxygen until a stationary phase had been reached, and DO consumption decreased. 
It was assumed that at this flow rate further growth was limited by waste feed, and it was 
therefore increased to 300 ml/h (at 65 h). The same trend (stabilization of oxygen 
consumption) was seen for 300 ml/h. An increase to a flow rate of 500 ml/h (at 70 h) led to 
instant oxygen consumption at first. However it was quickly evident that the optical cell 
density was decreasing. Hence the cells did not divide fast enough to cope with the high flow, 
leading to an event known as wash-out 
[20]
. Flow was lowered again to 300 ml/h at 72 h, and a 
new stabilization was observed. Flow was kept at this rate for the rest of the experiment. 
Table 6.1 Indicates that the average COD removal rate at time 90 and 97h was approaching 
that of late exponential growth (20 h). Hence it is plausible that a flow rate in the region of 
300 ml/h may be optimum. The COD removal rate was higher than the lactose removal rate, 
suggesting that more than lactose is being degraded (e.g. other carbohydrates in the waste). It 
should be noted that these rates are an average on the degradation which took place between 
strain inoculation and late exponential growth phase, which means they represent the overall 
degradation rather the maximum degradation rate (which should be calculated within the 
exponential growth phase). 
The continuous process, if performed again should be started as soon as growth reaches late 
exponential phase (in this case 20 h). The flow rate should be kept stable, and be related to 
cell doubling time. This was determined at end of experiment to be 3.3 h, which would 
indicate a flow rate of 300 ml/h.  
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7 Conclusion 
The screening performed in this project gave an indication of which kind of organism will 
contribute to the overall aim of dairy waste COD removal. S. cerevisiae and P. pastoris, as 
expected, did not grow on lactose as a carbon source. The Lactobacillus organisms and L. 
lactis proved to be nutrient demanding and their growth resulted in an inefficient COD 
reduction. C. flavus did not reach a high cell density, and did not completely mineralize 
lactose, resulting in a high concentration of lactose degradation by-products (galactose and/or 
glucose) in the growth media. Comparatively, K. marxianus was relatively inefficient at 
degrading the lactose. C. laurentii degraded lactose largely during cell stationary growth 
phase, and removed in excess of 30% COD in shake flask cultivation. K. lactis degraded all 
the lactose during exponential growth and removed in excess of 30% COD in shake flask 
cultivation. During batch fermentation K. lactis removed 67% of COD within the first 24 h. 
Results from trials with different flowrates (200, 300 and 500 ml/h) in continuously fed 
fermentation, pointed towards a flowrate close to  300 ml /h as optimium for this system. 
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8 Future prospect 
During the course of this project, the yeast strain of K. lactis proved to be a promising 
organism for the degradation of skyr waste, with a lactose degradation rate of at least 4 g/L/h 
and a reduction of the overall COD in the media following cell growth. The results from the 
fermentation of K. lactis on waste with supplemented nutrients indicated a reduction of COD 
of nearly 70%, with all the lactose being degraded within 24hrs of the culture inoculation. 
Future work will include optimizing the process, including a more in-depth study of nutrient 
requirements (to minimize addition of unnecessary nutrients), implementing a continuous 
flow system at the optimum rate, aeration, pH and temperature analysis fine-tuning. 
Following this an evaluation of up-scale potential related to dairy flowrate and an extensive 
cost analysis should be performed to investigate the cost/benefits of such a system. 
Additionally new strains, similar to K. lactis should be screened to focus on the best organism 
for a cost and time effective system for a large scale implementation of waste treatment of 
Skyr waste prior to discharge. 
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Appendix 1 wastewater composition 
 
 
 
From the publication O.Reykdal et al.
fat 0,3g/100g  water 94,6
ELEMENT SAMPLE Skyr permeat (1) Avløpsvann Skyr permeat (2) Avløpsvann Skyr permeat (3) Avløpsvann mg/100g mg/l
Ca (Kalsium) mg/l 1070               109 1090
Fe (Jern) mg/l 0.123               
K (Kalium) mg/l 1750               145 1450
Mg (Magnesium) mg/l 108               8.37 83.7
Na (Natrium) mg/l 436               39.8 398
Al (Aluminium) µg/l 3.33               
As (Arsen) µg/l <4               
Ba (Barium) µg/l 54.5               
Cd (Kadmium) µg/l <0.05               
Co (Kobolt) µg/l 0.105               
Cr (Krom) µg/l <0.5               
Cu (Kopper) µg/l 1.22               
Hg (Kvikksølv) µg/l <0.02               
Mn (Mangan) µg/l 12.6               
Mo (Molybden) µg/l 22.7               
Ni (Nikkel) µg/l <0.5               
Pb (Bly) µg/l 0.295               
Zn (Sink) µg/l 3300               0.374 3.74
V (Vanadium) µg/l <0.05               
TOC mg/l        21400        
Sulfat (SO4) mg/l        96.3        
Klorid (Cl-) mg/l        1000        
Fosfat (ortofosfat) mg/l        <0.002        88 880
Ammonium (NH4) mg/l        172        
Nitrat (NO3) mg/l        <0.030        
Phosphoserine g/100g               <0.0010
Taurine g/100g               <0.0010
Phosphoethanolamine g/100g               <0.0010
Aspartic acid (Asp, D) g/100g               0.003
Hydroksyprolin g/100g               <0.0010
Threonine (Thr, T) g/100g               0.002
Serine (Ser, S) g/100g               0.002
Glutamic acid (Glu, E) g/100g               0.008
Aminoadipin acid-alpha g/100g               <0.0010
Proline (Pro, P) g/100g               0.004
Glycine (Gly, G) g/100g               0.001
Alanine (Ala, A) g/100g               0.002
Citrulline g/100g               <0.0010
Aminobutyric acid-alpha g/100g               <0.0010
Valine (Val, V) g/100g               <0.0010
Cystine (Cys,C) g/100g               <0.0010
Methionine (Met, M) g/100g               <0.0010
Cystathionine g/100g               <0.0010
Isoleucine (Ile, I) g/100g               0.001
Leucine (Leu,L) g/100g               0.001
Tyrosine (Tyr, Y) g/100g               <0.0010
Phenylalanine (Phe, F) g/100g               <0.0010
Alanine-beta g/100g               0.004
Aminobuteric acid-beta g/100g               <0.0010
Aminobuteric acid-gamma g/100g               <0.0010
Ornithine g/100g               <0.0010
Lysine (Lys, K) g/100g               <0.0010
1-Methylhistidine g/100g               <0.0010
Histidine (His, H) g/100g               <0.0010
3-Methylhistidine g/100g               <0.0010
Carnosine g/100g               <0.0010
Hydroksylysin g/100g               <0.0010
Arginine (Arg, R) g/100g               <0.0010
Tryptophane (Trp, W) g/100g               <0.050
Vanninnhold g/100g               94.6 94.6 946
Aske g/100g               0.5
Protein g/100g               0.2 0.22 2.2
Fett g/100g               <0.10 0,3µg/100g
Karbohydrater g/100g               4.3
Energi kJ/100g               85
Energi kcal/100g               20
Sum organiske syrer (pH 8,1) g/100g               0.36
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Appendix 2 Chemicals 
 
Chemical Distributor 
Bacto®peptone Difco Laboratories 
Bacto® Yeast extract Difco Laboratories 
Agar-Agar Merck kGaA 
Beef extract Difco Laboratories 
Bacto-soytone Difco Laboratories 
Bacto™ Tryptone Becton, Dickinson and Company 
Bacto Malt extract Difco Laboratories 
Dextrose monohydrate Cerestar 
Lactose monohydrate Arla 
Sodium chloride Merck kGaA 
Dipotassium hydrogen phosphate Merck kGaA 
Sodium hydroxide VWR International 
Hydrochloric acid  
Sodium acetate Fluka Chemie AG 
Tri-ammonium citrate BDH Laboratory Supplies 
Magnesium sulphate VWR International 
Manganese sulphate Merck kGaA 
Tween 80® Fluka Chemie AG 
Saltpremix Medipharm AB 
MRS broth VWR International 
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Appendix 3 Lactose standards 
 
Values obtained for standard curve  
Area Lactose 
(g/L) 
23257 35 
19092 30 
15019 25 
5988 15 
3623 10 
1222 5 
736 2.5 
0 0 
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